2-chlorophenol (2-CPh) adsorption on the surface of silica, alumina, silica-and aluminasupported iron oxides at 30 °C and 250 °C was examined. The formation of a carbanion chlorophenolate/chlorophenoxy radical intermediate on the surface of silica and alumina surfaces is identified by in-situ FTIR analysis. The IR spectra of 2-CPh adsorbed on the supported iron oxide at 250 °C highlight significant differences in the adsorption complex between 2-CPh and the two supported iron oxides ( silica and alumina).
Introduction
Polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs or "dioxins") are nefarious pollutants that arise as unwanted by-products of industrial and thermal processes. Dioxins have been shown to exhibit carcinogenic, mutagenic and endocrine disrupting properties. [1] In general, three main generic pathways for the formation of PCDD/Fs have been postulated: (i) condensation of structurally-related gas phase precursors, such as chlorophenols and chlorobenzenes at temperatures in a range between 400 °C and 800 °C, [2] (ii) de novo synthesis where dioxins form through a complex series of reactions which initiate with the burn-off of a carbonaceous matrix, [3] and (iii) catalytic coupling of structurally-related gas phase precursors on catalytically active surfaces at temperatures between 200 °C and 400 °C. [4] It is generally accepted that, heterogeneous reactions are the primary pathways for the formation of dioxins in commercial-scale incineration systems. [5] Condensed chlorinated phenols, in particular, are widely accepted to be dioxin precursors under pyrolytic and oxidative conditions. [4a, 4b, 6] The catalytic cycle for the generation of PCDD/Fs from chlorophenol is initiated by the formation of chlorinated phenoxy radicals on the surface of the catalyst and the subsequent reduction of the active site on the catalyst. [7] Oxides of metals such as Cu, Ni, Fe, and Zn have been proven to effectively catalyze PCDD/Fs formation from chlorinated phenol precursors in surface-mediated reactions. [5] In addition to the role of metal oxides in the catalytic process, understanding the role of silica and alumina supports are expected to play an important role in the formation process of dioxins as they are two main components of fly ash. [8] Chlorophenol adsorption on iron oxide, titania, ceria, alumina and silica has been investigated by Fourier transform infrared (FTIR) spectroscopy in order to examine the nature of chemisorbed species on the surfaces, which is the first step in the conversion of the chlorophenol to dioxins. [9] Adsorption of chlorophenol on active sites results in formation of carbanion chlorophenolate and subsequently chlorophenoxy and chlorohydroxyphenoxy radicals. Subsequent formation of PCDD/Fs occurs via an Eley-Rideal or Langmuir-Hinshelwood mechanism. The former mechanism involves the reaction of one gas-phase molecule with an adsorbed chlorohydroxyphenoxy radical while the latter involves the reaction of two adsorbed chlorophenoxy radicals on the surface. [10] In this study, we investigate the interaction of 2-chlorophenol (2-CPh) on the surface of silica-and alumina-supported iron oxide, with the aim of exploring the formation of surface species via in-situ FTIR and ex-situ XPS analyses.
Results and Discussion
The BET surface area of the four catalysts and the weight percentage of iron measured by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) for the silica-supported iron oxide and alumina-supported iron oxide catalysts have been listed in Table 1 . 
FTIR study
The assignments of the vibrational frequencies of molecular 2-CPh in the gas phase have been tabulated in Table 2 based on work reported elsewhere. [11] Most of the bands contain a combination of several vibrations; here we report the vibration that has the most significant contribution to the band intensity. Table 2 . Characteristic IR absorption bands for 2-CPh in the gas phase according to.
[11]
Band position (cm , 1483 cm -1 and 1454 cm -1 to C=C stretching vibrations and 1289 cm -1 to a C-O stretching vibration of 2-CPh molecules hydrogen bonded to the surface. Moreover, the minor absorption bands can be assigned to partial oxidation products (vide infra). These products are more evident at very low surface coverages of 2-CPh. Figure 3 shows the spectral range between 1800 cm -1 -1400 cm -1 at lower surface coverage (less than 10 µbar). The bands at 1442 cm
cm -1 and 1624 cm -1 do not increase in intensity at the same rate with increasing 2-CPh pressure compared to the other bands. It is thus suggested that these four bands originate from oxidation products on the surface. Since gaseous oxygen was not present during the adsorption process, oxygen from the surface/bulk must to be involved in the oxidation reaction. A similar mechanism has been reported for the formation of oxidation products in the adsorption of benzene and chlorobenzene on different oxide surfaces. [13] In the spectral region dominated by O-H stretching vibration, a negative band at 3743 cm -1 is observed upon adsorption of 2-CPh. This band is attributed to the perturbation of isolated silica O-H groups by 2-CPh adsorption. The broad band in the 3200 cm -1 to 3700 cm -1 region can be assigned to the silica O-H groups hydrogen-bonding to 2-CPh molecules.
Comparing the spectra of 2-CPh adsorption over silica ( Figure 1 ) and silica-supported iron oxide (Figure 2 ), the two bands at 3439 cm ) [11a, 14] phase is very close, whereas the stretching vibration is not. This is in line with our observation that 2-CPh hydrogen bonding to Fe as a condensed phase has little influence on the deformation vibration in contrast to the stretching vibration. The band at 1339 cm -1 was not observed on the pure silica surface at 30 °C. It is suggested that on silica, 2-CPh has undergone protonation and the deformation vibration is shifted to a higher wavenumber around 1625 cm According to published literature, the absorption bands in the region of 1540-1576 cm -1 and 1440-1459 cm -1 are characteristic of asymmetric and symmetric stretching of surface acetate species. [13a, 15] The band at 1510-1520 cm -1 was assigned to surface-bound monodentate carbonate [9d, 15b, 16] , while the band at 1620-1641 cm -1 was assigned to the δ(O-H) of adsorbed water. [15c, 15d, 17] The corresponding O-H stretching (ν(O-H)) is found in the region 3100 cm -1 to 3600 cm -1 . [18] Based on these assignments, the bands at 1554 cm -1 and 1442 cm -1 can be attributed to asymmetric and symmetric stretching vibrations of acetate species respectively and the band at 1511 cm -1 is specified to a surface mono-dentate carbonate.
Scheme 1 shows a schematic of mono-dentate and bi-dentate carbonate species. [9d] Bands at wavenumbers between 1650 cm -1 and 1690 cm -1 are defined as surface-bound chlorobenzoquinone species, in the studies of Hetrick et al. [9f] and Lomnicki et al. [19] This band was not observed in the present investigation. As the acetate was identified in the present study, it is most probable that the conversion of benzoquinone to the carboxylate species is facile on the catalytic surface. Scheme 2a indicates formation of 2-chlorophenolate on an isolated hydroxyl by elimination of water. Scheme 2b illustrates formation of bi-dentate bound diphenolate by elimination of water and hydrogen chloride [20] . Route b was reported to be a pathway to carboxylate partial oxidation products.
[9d]
The IR spectra collected at 250 °C during adsorption of 2-CPh on the surface of silicasupported iron oxide is presented in Figure 4 . There are notable differences between the bands at this temperature compared to the spectra taken at 30 °C. At low pressure of 2-CPh, initially a peak at 1473 cm -1 appeared, by increasing the pressure another peak at 1483 cm The spectra of 2-CPh adsorption at 250 °C on the surface of silica-supported iron oxide disclose significant differences compared to the neat silica spectra. Figure 5 compares the spectra of 2-CPh adsorption on the surface of silica and silica-supported iron oxide at 250 °C.
It is observed that 2-chlorophenolate is initially formed on the surface of iron oxide at low coverage of 2-CPh, notably the absorption bands at wavenumbers of 3076 cm indicate formation of acetate species on the surface of silica and iron oxide, and the band at 1511 cm -1 represents formation of mono-dentate carbonate species. Furthermore, the band at 1541 cm -1 is assigned to the formation of bi-dentate carbonate species on the surface. [21] Importantly, the other two bands at 1521 cm -1 and 1419 cm -1 shifted to lower frequencies compared to chlorophenolate species on the surface of iron oxide (1577 cm -1 and 1473 cm . These two bands can be attributed to the C=C stretching vibration of chlorophenoxy radical formed on the surface of iron oxide, in analogy to the shift observed over Fe(III) montmorillonite. [22] The same shift to lower frequency has been reported by Gu et al. [22] for the adsorption of pentachlorophenol on the Fe(III)-montmorillonite clay, and explains the frequency shift due to loss of an electron, which weakened the C=C bonds. , and after heating to 450 °C virtually all the chlorophenolate species were absent from the surface spectra. °C. Bands at the same position were assigned to carboxylate groups during the adsorption of dichlorobenzene over titania-supported vanadium oxide surface.
[15b] 
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The 2-CPh absorption bands at 250 °C on the surface of alumina-supported iron oxide highlight differences in the spectra when compared to the absorption bands on surface of neat alumina. Figure 10 compares 2-CPh adsorption spectra on the surface of aluminasupported iron oxide with alumina, at low pressures of 2-CPh. Some researchers [23] have assigned the band at 1580 cm -1 as an indication of deposited coke/carbon on the surface. In other related studies [24] the bands at 1595 cm -1
, 1377 cm -1 (asymmetric and symmetric -COO-stretching respectively) and at 2905 cm -1 and 1398 cm -1 ( -CH stretching and bending respectively) were assigned to surface formate species. According to Rotzinger et al. [25] who studied vibrational frequencies of formate and acetate adsorbed from aqueous solutions onto , and 1376 cm -1 are a result of the presence of formate species on the surface. In addition, coke or carbonaceous deposits are also expected due the width of the peak at 1587 cm -1 as well as the observation of carbon deposits in XPS (vide infra). Moreover, the absence of the band at 1486 cm -1 in the spectra at 1 µbar on the surface of alumina-supported iron oxide indicates that, at low pressures, further oxidation is favored over the formation of chlorophenolate species on the surface.
The bands corresponding to the surface formate species have not been observed in the absence of iron, and thus their formation is most likely associated with oxygen stored in surface iron oxide species. [26] Furthermore, a 4 cm -1 shift to the lower wavenumbers in C-O stretching region was observed in presence of iron oxide on alumina surface, again suggesting the interaction and influence of the iron oxide species. At higher pressures, the C=C stretching vibration of 2-CPh masks the C-OO stretching vibration ( as well as "coke") band at 1587 cm -1 and therefore the spectra at higher pressures of alumina-supported iron oxide resembles the spectra of 2-CPh on the neat alumina (see Figure 9 ). In addition, the chlorophenoxy radical bands can only be observed as low intensity shoulder due to interference of surface formate species. 
X-ray Photoelectron Spectroscopy (XPS) Analysis
X-ray photoelectron spectroscopy (XPS) was performed in an effort to identify the surface chemical species and elucidate the electronic state of iron on the surface of fresh and used silica-and alumina-supported iron oxide after the oxidative reaction of 2-CPh (350 °C, 2-CPh and air), as well as on fresh catalysts (350 °C in air). Alumina is significantly more strongly acidic compared to silica, and according to the FTIR studies this results in much stronger interactions of 2-CPh on the surface of alumina. Some other studies also reported higher intrinsic acidity of alumina compared to silica. [27] Figure 12 presents ammonia TPD for silicaand alumina-supported iron oxide. It is evident that significantly more ammonia was adsorbed on alumina than on silica. Higher concentrations of acid sites found originates from Lewis defect sites present on alumina. [28] Figure 13 presents the peak positions after curve fitting for Fe2p spectra of both fresh and used catalysts, and supports could be explained due to the presence of differing iron particle sizes, and more surface interaction of iron on alumina compared to the silica surface. Evidence for reduced Fe cluster size on alumina compared to silica can also be found by comparing the iron surface concentrations as determined by XPS. While the bulk concentration of iron is the same for both catalysts, on alumina the surface coverage of Fe is approximately double the coverage on silica suggesting a smaller Fe cluster size on the alumina supported catalyst (Table 3 ). As shown in Table 3 , the area ratio of Fe 2+ to Fe 3+ increases for both used catalysts which indicates the reduction of iron and in turn 2-CPh oxidation. Yang et al. [29] reported reduction of nickel (NiO and NiCl 2 ) during formation of dioxins on the surface of these two catalysts in spite of the presence of oxygen in the reaction. The C1s XPS spectra presented in Figure 14a reveal that, after the reaction, the concentration of residual carbonaceous species is considerably higher on the alumina compared to silica surface. The colour of the alumina catalyst after the reaction turned to black, which in itself is an indication of higher activity of alumina compared to silica for 2- eV. The former is a feature of organic chloride (C-Cl) [31] and the latter can be attributed to either the presence of metal chloride [32] or the HCl/H 2 O bond. [33] The origin of the band at 198.7 eV is not known at this point. In this study the assignment based on in-situ FTIR agrees well with the XPS analyses. Table 4 and 
Conclusions
The IR spectra of adsorbed 2-CPh disclose the presence of hydrogen-bonded 2-CPh molecules on the surface of all catalysts at a temperature of 30 °C. At a temperature of 250 °C, carbanion chlorophenolate/chlorophenoy species are identified on the silica-and alumina-supported iron oxide surfaces. Evacuation and increasing the temperature causes desorption of most surface species present on the silica catalyst, however on alumina surfaces a stronger interaction of adsorbed 2-CPh and chlorophenolate was observed.
Significant 2-CPh decomposition was observed over alumina-supported iron oxide and surface-bound formate species were formed on the surface at 250 °C. Once all of the active sites were covered by oxidation products chlorophenolate/chlorophenoxy species were detected. However, chlorophenolate/chlorophenoxy compounds were formed on the surface of silica-supported iron oxide, even at very low pressures (0.01 µbar) of 2-CPh.
Experimental Section

Catalyst Preparation
Silica and alumina-supported iron oxide catalysts were prepared using the incipient wetness method. A solution of iron (III) nitrate nonahydrate (Chem-Supply) was added to the silicagel (Davisil grade 645) and the alumina (CATAL International Ltd) supports such that the loading resulted in (approximately) 3 wt.% iron on the surface of the supports. The solution was added drop-wise onto the support while mixing continuously until a homogenous paste was formed. The sample was then dried at 110 °C and, finally, calcined in air at 450 °C for 5 h.
Catalyst Characterisation
All the spectra of adsorbed species were recorded on a Tensor 27 Bruker spectrometer with a spectral resolution of 4 cm -1
. The home built cell was equipped with a CaF 2 window and data was collected in absorbance mode. The samples were pressed into thin wafers as described previously. [34] Prior to the adsorption measurements at 30 °C and 250 °C, the samples were activated in vacuum for 30 min at 450 °C. Subsequently, 2-CPh adsorption was studied in pressure ranges between 0.01 μbar to 1 mbar. Spectra were background corrected using a spectrum without solid, collected at the respective temperature of the adsorption. Difference spectra were calculated by subtracting the spectrum of the activated (clean) sample from the sample in contact with 2-CPh. For the silica supports, wavenumbers below 1280 cm -1 could not be examined due to strong Si-O stretching vibration in this region.
We performed the ammonia-temperature programmed desorption (ammonia TPD) experiments in a stainless steel apparatus, as described previously [35] . A Pfeiffer Prisma quadrupole mass spectrometer was used for recording the emission of gaseous species during controlled heating of the sample, using the m/z signal at 16 for quantification of ammonia, as this mass to charge ratio is less susceptible to be influenced by ions originating from water. First, 0.1 g samples were activated in-situ for half an hour in the desorption tube at 450 °C. Following activation, we adsorbed the ammonia gas onto the catalyst surface at 150 °C. Finally, the ammonia desorbed by heating the sample from 30 °C to 750 °C at a heating rate of 5 °C min -1
.
The X-ray photoelectron spectroscopy (XPS) experiments were performed using an ESCALAB250Xi manufactured by Thermo Scientific,UK for samples of fresh and reacted (used) catalysts of iron oxide on two different supports (silica and alumina). Both Fe 2+ and Fe 3+ oxidation states were assigned in line with [36] . To better constrain the fits, both the 2p 1/2 and 2p 3/2 peaks were fitted simultaneously, with peaks of the 2p 1/2 component constrained to be shifted by 13.6 eV above those of the 2p 3/2 components and of identical full width at half maximum (FWHM).
The binding energy scale was adjusted with reference to the silica peak at 103.6 eV and the alumina peak at 74.3 eV; this produced good consistency between carbon and iron peak positions between all of the spectra.
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